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Introduction
Pinus halepensis is one of the most common tree species in the Mediterranean and is also frequently used for reforestation purposes (Maestre & Cortina 2004) . Several studies have been carried out with the aim of improving the quality of P. halepensis seedlings obtained from nurseries (Caravaca et al. 2005) . The application of chemical fertilizer treatments to forest seedlings in nurseries is the most common cultivation practice. However, it has been established that soil amendments, including ectomycorrhizal fungi and plant growth-promoting rhizobacteria (PGPR), increase plant survival and seedling quality, especially in soils with low microbial activity (Chanway 1997 , Probanza et al. 2001 .
Pseudomonas fluorescens has several characteristics of an effective PGPR and may function as a plant growth stimulator that efficiently promotes seed germination, accelerates growth in the early stages, induces root initiation, enhances the formation of roots and root hairs, facilitates root regeneration and helps to control pathogens in certain forest species. P. fluorescens is easily cultivated in vitro and colonizes a wide range of ecological niches, including the rhizospheres of plants (Bolton et al. 1993) ; additionally, P. fluorescens genomes are highly diverse (Silby et al. 2009 ), which likely increases the survival capacity of this microorganism. P. fluorescens improves plant growth by producing phytohormones, such as auxins (IAA), gibberellins and cytokinins, as well as specific amino acids. Furthermore, these bacteria have a high capacity for phosphorus solubilization and are able to produce siderophores (Matthijs et al. 2007 ).
Despite the well-known positive effects of P. fluorescens on plant survival (Silby et al. 2009 ), only a small number of studies have examined its influence on the growth of forest species (Ouahmane et al. 2009 , LucasGarcía et al. 2004 ). Some of these effects have been observed specifically in P. halepensis inoculated with P. fluorescens Aur6 (Rincón et al. 2008) . Recently, we showed that inoculation of Aleppo pine with P. fluorescens CECT 844 improved both its vegetative growth and N uptake (Dominguez et al. 2012) .
It has been demonstrated that the frequent use of chemical fertilizers in nurseries leads to soil contamination, as chemical fertilizers are not completely assimilated by the seedlings. Furthermore, the industrial practices necessary for the chemical synthesis of compounds containing inorganic nitrogen require the use of contaminating petroleum products, high temperatures and high pressures. Considering these issues, the use of natural, "environmentally friendly" microbial inoculums, such as PGPR rhizobacteria or mycorrhizal fungi, as alternative fertilizers can be considered as a potential future solution. These microorganisms are also beneficial for the maintenance of pre-existing soil microflora, contributing to the conservation of biodiversity. The amended soil eventually enhances the vegetative vigor and the morphophysiological attributes of the forest species grown in nurseries for reforestation purposes (Chanway 1997) .
Previous studies examining the effects of chemical fertilization of P. halepensis in nurseries and the trees' response to transplantation are scarce (Puértolas et al. 2003) . Of the many chemical fertilization methods used on forest seedlings, the "controlled-released fertilization" strategy is widely employed (Oliet et al. 2009 ). The use of con- Pinus halepensis seedlings are currently used to regenerate arid Mediterranean regions. Optimized methods for seedling fertilization in nurseries improve plant growth and are essential for successful reforestation. Previously, we showed that inoculation of P. halepensis seedlings with Pseudomonas fluorescens CECT 844 rhizobacteria improved plant growth and N uptake. The aim of this study was to determine the physiological and morphological response of P. halepensis seedlings to a combined treatment including controlled-release fertilization and inoculation with the rhizobacterium P. fluorescens. P. halepensis seedlings were grown in a nursery under well-watered conditions and were fertilized (F), inoculated with P. fluorescens (Ps) or fertilized and inoculated (F x Ps). Growth and water parameters (osmotic potential at both full and zero turgor and modulus of elasticity) were measured in seedlings under each treatment. The total N, P, K, Ca, Mg and Fe contents and concentrations in seedling roots and shoots were also measured. Finally, root growth potential was estimated. F x Ps increased both seedling growth and nutrient uptake compared with the independent treatments. Interestingly, amendment with rhizobacteria had a slight negative effect on osmotic potential and P uptake, which was lessened by combining Ps with F. The present work shows that F x Ps is highly efficient for improving the quality of forest seedlings in nurseries. As such, F x Ps represents a potential alternative treatment that could reduce contaminant emissions and increase microbiota soil regeneration in degraded soils.
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Keywords: Controlled-release Fertilization, Rhizobacteria, Pinus halepensis, Water Parameters, Mineral Nutrition, Nursery, Root Growth Potential, Osmotic Potential trolled-release fertilizers is an effective method that induces an increase in pine growth during the early years after planting (Cañel-las et al. 1999) . Although fertilization treatments may negatively impact diversity or special soil microbial communities (He et al. 2008 , Ahamadou et al. 2009 ), some authors have suggested that controlled-release fertilizers and organic fertilizers could promote the growth of soil-culturable bacteria and IAA-producing bacteria. These may be one of the reasons why organic and controlledrelease fertilizers promote crop growth (Yuan et al. 2011) .
The combined effect of controlled-release fertilizer with other treatments (e.g., rhizobacteria such as Pseudomonas sp.) has yet to be explored, both in forest seedlings and in transplanted trees. In this study, we hypothesized that the combination of controlled-release fertilizers and P. fluorescens CECT 844 inoculation in the nursery would have a synergistic effect on seedling growth, improving the morphophysiological attributes of P. halepensis seedlings. To explore this hypothesis, growth and water parameters, nutrient uptake and root growth potential of P. halepensis seedlings were investigated.
Methods

Plant material
Assays were performed using P. halepensis seeds collected from Almería, Spain. The seeds were maintained in polyethylene bags stored at 4 °C until sowing. In mid-March 2010, Forest Pot 300® trays (Nuevos Sistemas de Cultivo S.L., Girona, Spain) with 50 alveoli were filled with a 3:1 (v:v) mixture of peat:vermiculite at pH 6. The peat was previously sterilized in an autoclave at 120 °C for 2 hours. Subsequently, a slow-release solid fertilizer was added to the substrate in half of the trays as a treatment, and a dose of 2 g per L was homogenized with the prepared substrate.
Seeds were selected by flotation and immersed in water 24 hours before sowing. Immediately prior to sowing, the seeds were immersed in 30% H2O2 for 15 minutes for disinfection and subsequently washed several times in distilled water. Assays were performed after sowing seeds into a total of 16 bins (800 alveoli); half of these contained fertilizer substrates. A total of 3 to 8 seeds were placed in each alveolus, and after germination, one seedling was left in each alveolus. Sowing was performed in the greenhouse in March 2010; plants remained in the saturated soil that was irrigated daily; the temperature of the greenhouse was maintained between 20 and 30 °C prior to inoculation.
Bacterial cultures
The lyophilized P. fluorescens strain CECT 844 (Spanish Type Culture Collection, Valencia University, Spain) was pre-incubated in liquid medium suitable for the growth of this bacterium (1 g meat extract, 2 g yeast extract, 5 g peptone, 5 g NaCl and 1 L distilled water; pH 7.2) at 28 °C with shaking at 200 rpm for 12 h. A second culture was grown at 30 °C for 12 h before the inoculation. The final concentration of the inoculum was 3·10 7 CFU ml -1 (estimated by plate counting).
Experimental design
The fertilizer used contained 16% nitrogen (6.4% nitric nitrogen, 8.5% ammoniacal nitrogen, 1.1% urea nitrogen), 11% P2O5 (soluble in neutral ammonium citrate, 8.3% soluble in water) and 10% K2O (2% total magnesium oxide -MgO), with an estimated release time of 12 to 14 months at 21 °C. We used a four-level univariate design: control (C), fertilized (F), inoculated (Ps), and fertilized + inoculated (F × Ps) treatments distributed into 4 randomized blocks (1 × 4 × 4). Each block contained 50 plants per treatment (200 plants per block). The P. fluorescens CECT 844 inoculum was applied in two steps separated by 15 days (June 24 th and July 7 th , 2010). The seedlings were inoculated by injecting a total inoculum of 10 mL (5 + 5 mL, 3 · 10 8 CFU per plant) into the substrate, near the root system. After the second inoculation, the plants were removed from the greenhouse and watered daily until saturation. The HOBO ® data logger was used to measure the temperature and relative humidity. The temperature fluctuated between 11 and 29 °C and the relative humidity ranged from 28 to 80% until the time at which plants were analyzed.
Pressure-volume curves and water parameter analysis
During November 2010, pressure-volume (PV) curves were constructed according to the methods described by Tyree & Hammel (1972) and Robichaux (1984) using stem water potential measurements obtained in a Scholander pressure chamber (Scholander et al. 1965) . Eight randomly chosen plants were analyzed per treatment. From each PV curve, three water parameters were calculated: osmotic potential at saturation (Ψπfull), osmotic potential at turgor loss point (Ψπ0) and modulus of elasticity (Emax -Cheung et al. 1975 , Jones & Turner 1980 , Tyree & Jarvis 1982 , Bowman & Roberts 1985 .
Growth
In November 2010, eight plants per treatment were randomly selected for measuring height and diameter. Subsequently, the shoots and roots were dried (65 °C, 48 h) for dry weight (DW) determination.
Nutrient analysis
In late November, the concentrations and contents of key nutrients (N, P, K, Ca, Mg and Fe) in the shoots and roots of seedlings were analyzed. In each block, 12 seedlings per treatment were collected and grouped into one sample. Next, the aerial parts and roots of each sample were separated, cleaned and dried in an oven at 65-70 °C for at least 48 hours. The tissues were finely ground and homogenized. Analyses of P, K, Ca, Mg and Fe were performed by inductively coupled optical emission spectrophotometry (ICP-OES) after digestion of subsamples in a closed microwave system using concentrated HNO3. The N concentration was determined using a mass analyzer (LECO CHN-600) according to the manufacturer's instructions.
Root growth potential
Root growth potential (RGP) was determined by randomly sampling 20 new plants per treatment (5 per block) on February 21 st , 2011. The height and basal diameter of each plant were measured. Subsequently, each plant along with its root ball was carefully transplanted to a 3-L prismatic pot filled with inert white perlite. The pots were randomly arranged in the greenhouse at the ETSI Montes under optimal growth conditions (Simpson & Ritchie 1997) . Irrigation was applied daily, and the air temperature was maintained between 10 and 27 °C with a relative humidity between 80 and 95%. One month later, each plant was carefully removed from the soil, and the number and length of new roots greater than 1 cm in length were determined for each plant.
Data analysis
All statistical analyses were performed by the use of the software package StatGraphics Plus® (StatPoint Technologies, Inc.). A oneway analysis of variance (ANOVA) and Duncan's mean comparison test were performed for the proposed parameters at α = 0.05. In the case of non-homogeneous variance, a nonparametric Kruskal-Wallis test was applied. For statistical analysis of RGP, the height and diameter were selected as covariates. Similar results were obtained regardless the selected covariate; thus, the results presented here are those obtained using the the diameter as covariate.
Additionally, for each treatment data were expressed as percentage increases with respect to the control. Both one-way ANOVA and Duncan's mean comparison test were performed to analyze these increases at α = 0.05. In the case of non-homogeneous variance, a nonparametric Kruskal-Wallis test was applied. Graphs displayed below show the most highly significant results.
Results
For the unfertilized seedlings, inoculation iForest (2015) 8: 12-18of P. fluorescens (Ps) resulted in significantly lower osmotic potentials (in absolute value) at both Ψπfull (0.85 ± 0.05 MPa in inoculated plants vs. 1.18 ± 0.10 MPa in control plants) and Ψπ0 (1.36 ± 0.10 MPa in inoculated plants vs. 1.75 ±0.08 MPa in control plants); however, this decrease was not observed when the plants were fertilized (F and F × Ps). For non-inoculated seedlings, fertilization (F) significantly increased the modulus of elasticity (i.e., decreased the elasticity of the cell walls), whereas inoculation with P. fluorescens did not significantly affect the elasticity (Tab. 1).
The F and Ps amendments significantly increased the morphological parameters, with the exception of the effect of Ps on root dry weight and height in unfertilized seedlings (Tab. 2). However, when the treatments were combined, we observed an additive increase in the beneficial effects on plant growth compared with the independent treatments (Fig. 1) ; these effects were the most significant for height and root dry weight of seedlings.
F treatment significantly increased the concentrations of N, P and K but reduced the concentrations of Ca, Mg and Fe in the shoots (Tab. 3). In unfertilized seedling shoots, Ps increased the N concentration ). Additionally, F increased the Fe content in roots (Tab. 4). The combination of both treatments had an additive effect on the observed increases in all nutrients (Fig.  2) ; these effects were most significant for N, K, Ca and Mg contents of shoots and P, K and Ca contents of roots.
Finally, in the RGP test, F caused a significant increase in the number and length of the new roots, whereas Ps did not affect either of these parameters (Tab. 5).
The examined parameters were subjected to ANOVA or Kruskal-Wallis test, and the results are presented in Tab. 6. With the exception of the osmotic potential and the Ca and Mg concentrations in roots, all other parameters were significantly affected by the treatments.
Discussion
The parameter RGP is widely used for the characterization of the physiological quality of seedlings (Simpson & Ritchie 1997) . Controlled-release fertilizer has been shown to improve RGP (Oliet et al. 2003) , as observed in this study. Although there is a possible relationship between carbohydrate reserves and RGP in some forest species, the relationship between rooting ability and carbohydrate reserve content in P. halepensis has not been well studied (Tinus et al. 2000) . Additionally, very recent results indicate that RGP appears to be more closely related to N concentration (Villar-Salvador et al. 1999) .
In this study, we showed that the P. fluorescens CECT 844 isolate did not affect root initiation capacity (RGP test) in P. halepensis seedlings, which is in agreement with previous results (Dominguez et al. 2012) . It should be noted that the root total dry weights of seedlings increased slightly with respect to the control due to Ps inoculation; however, these results were not significant. The RGP results we obtained with P. fluorescens CECT 844 do not agree with the observations made in previous studies using other P. fluorescens strains (Karabaghli et al. 1998) . Such discrepancy suggests that the effect on root regeneration might depend on the particular P. fluorescens strain used. Additionally, it might be beneficial to study root growth potential over longer periods in order to detect more patent effects of the treatments.
Although we did not observe any synergistic effects of the combined F × Ps treatment on the regeneration of new roots, each of the independent treatments increased the growth parameters; obviously, these increases were more apparent in the case of F compared with Ps. We previously reported the positive effect of the CECT 844 P. fluorescens strain on the growth of P. halepensis seedlings (Dominguez et al. 2012) ; however, height and RDW were improved in the aforementioned study, whereas in the present work, diameter and SDW were improved. In this investigation, a positive interaction between P. fluorescens and F at relatively low doses was observed in terms of growth; although F masked the effect of Pf on diameter and SDW, F enhanced the effect of Pf on height.
Analogously, F increased the concentrations of N, P and K (Tab. 3) as well as the contents of most nutrients in both shoots and roots (Tab. 4). Oliet et al. (1999) reported strong correlations between the doses of controlled-release fertilizer applied to seedlings in a P. halepensis nursery and shoot concentrations of N, P and, more weakly, K. In the present work, the fertilizer used (16 + 11 + 10) appears to have more balanced proportions of N, P and K than those used by Oliet et al. (1999) ; thus, significant increases in the N, P and K concentrations compared to the control were obtained using a relatively low dose of 2 g per L. Rincón et al. (2008) reported that P. halepensis seedlings inoculated with the P. fluorescens strain Aur6 showed increased P and K concentrations following inoculation in (Dominguez et al. 2012) . Using the same strain, very similar results were obtained in this study only for the shoot tissue; additionally, we observed a significant decrease in shoot Ca and Mg concentrations, which is in agreement with our previous report.
It should be noted that in Mediterranean areas, P is a limiting nutrient during the early stages of P. halepensis growth (Sardans et al. 2006) . In this study, due to Ps inoculation, the P concentration in the shoots of unfertilized seedlings decreased. The P content remained unchanged with respect to the control, whereas it increased in the combined treatment (F × Ps). When plants were grown on a nutrient-poor culture substrate (e.g., peat), the addition of P (soluble and insoluble) via F could provide more evidence for a possible P-solubilizing effect of Ps. Such results confirm our previous findings obtained under identical conditions (Dominguez et al. 2012) , strenghtening the evidence that the observed decrease in P concentration is not always correlated with a decrease in P uptake. For example, in non-fertilized seedlings, the P concentration might decrease as a result of dilution due to the biomass increase caused by Ps. Additionally, the combined F x Ps treatment did not improve the macronutrient concentration compared with the independent treatments, although the contents of most macronutrients were additively increased (Fig. 2) .
The adjustment of the osmotic potential and the capacity to increase the cell wall elasticity (elastic adjustment) are essential for plants to withstand the water stress. Cell osmotic potential and elasticity regulation allow plants to maintain turgor potential, thereby improving the capacity for growth and photosynthesis as well as the ability to tolerate more negative water potentials and lower water availability (Villar-Salvador et al. 1999) . It has been suggested, however, that rigid cell walls may be more conducive to cell survival and to the maintenance of tissue integrity necessary for recovery and rehydration after a drought stress period. This observation has been made principally in species able to make osmotic adjustments through the accumulation of large amounts of organic solutes (Patakas et al. 2002) .
According to previous studies (Domín-guez-Núñez et al. 2013) we observed that under optimal water conditions, Ps caused a decrease in the absolute value of the osmotic potential (i.e., a negative effect on the maintenance of cell turgor caused by a possible decrease in the cellular concentration of organic solutes). However, the addition of F could increase the concentration of dissolved solutes and thus dampen the effect of Ps, even at low doses. Osmotic forces result from local differences in water potentials created largely by gradients in the concentrations of dissolved solutes (Lehto & Zwiazek 2011) . K is an important solute associated with the regulation of cell turgor, water economy and stomatal opening (Benlloch-González et al. 2008) . Thus, according to our results, there was no clear relationship between the regulation of cellular osmotic potential and the K concentration in the seedlings; although this element was increased due to F, no significant osmotic adjustment was detected in seedlings due to F or F × Ps treatments.
It was observed that F caused a significant increase in the modulus of elasticity (i.e., an increase in the stiffness of cell walls), as F likely accelerated the process of lignification of the cell walls. We also observed that Ps did not have a similar effect. In fact, Ps has been reported to increase cell wall elasticity (Domínguez-Núñez et al. 2013) . Changes in the wall stiffness may be partially related to cellular structural changes induced by the plant defense response to bacterial flagellin. Plant detection of flagellin has been shown to induce stomatal closure (Melotto et al. 2006 ) and modifications of the protein content of the cell wall . However, the effect of P. fluorescens on cell elasticity is not clear. Further detailed analyses are required on the effects of Ps and F treatments on cell elasticity and osmotic potential under drought or other abiotic stress conditions.
Conclusion
We conclude that a combined treatment including controlled-release fertilization (F) and Pseudomonas fluorescens CECT 844 inoculation (Ps) had a net positive effect on P. halepensis seedling growth and nutrient uptake; the negative effects observed as a result of Ps treatment alone were dampened by the effects of F.
The use of chemical fertilizers as agroforestry crop treatments in nurseries may cause environmental problems. Thus, the inclusion of P. fluorescens, a plant growth-promoting rhizobacterium, in soils with low microbial activity might be an interesting solution, regardless of its effects on the morphophysiology of the host plant. Although the capacity of the combined F x Ps treatment for maintaining and improving the soil microbiota is currently under study, our results show that F x Ps is a highly efficient alternative for improving the quality of forest seedlings in nurseries. As such, F x Ps represents a promising potential alternative treatment that could reduce contaminant emissions and increase microbiota soil regeneration in degraded soils.
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